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COMPARISON OF EXCITATORY SYNAPSES IN DIVERSE CORTICAL 
AREAS OF THE MOUSE AND MONKEY 
ALEXANDER HSU 
 
ABSTRACT 
Diversity in excitatory synaptic transmission by cortical pyramidal neurons give 
rise to the possibility of different neuronal networks that mediate distinct cortical 
function. Understanding heterogeneity of excitatory input to pyramidal neurons across 
distinct cortical areas and species will provide insight into cortical specialization and, 
ultimately, selective vulnerability of cortical areas to neuropathology in humans. In a 
previous study in our laboratory (Medalla and Luebke, 2015), significant differences in 
the ultrastructural features of excitatory asymmetric synapses in layers 2-3 (L2-3) 
neuropil were found between two distinct cortical areas in the rhesus monkey – primary 
sensory visual (V1) versus higher-order lateral prefrontal (LPFC) cortices. Here, we used 
serial sectioning electron microscopy to determine whether these differences in synaptic 
elements also exist in the corresponding visual (V1) and frontal (FC) cortices in the 
mouse. Multiple analyses of L2-3 neuropil of FC and V1 in mouse revealed three 
fundamental principles. First, in contrast to the diverse synapses in monkey LPFC and 
V1, asymmetric axospinous synapses in L2-3 neuropil of mouse FC and V1 are 
remarkably homogenous with regard to presynaptic and postsynaptic entities. Second, 
asymmetric axospinous synapses in L2-3 neuropil of mouse V1 resemble that of monkey 
V1 in postsynaptic entities, but differ in presynaptic entity. Third, asymmetric axospinous 
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synapses in L2-3 neuropil of mouse FC and monkey LPFC differ substantially in both 
presynaptic and postsynaptic entities. These findings have broad implications for 
extrapolation of excitatory synaptic transmission data from one cortical area to another, 
and also from one species to another. 
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INTRODUCTION 
 
Mammalian Cerebral Cortices: General Principles 
The cerebral cortex first appeared in small mammals that emerged from the 
transition between the Triassic period to the Jurassic period. The cortex is differentiated 
into structurally and functionally distinct cytoarchitectonic areas, with bigger brains 
possessing more neurons overall and relatively higher proportions of certain cortical 
areas, over the course of evolution (Brodmann, 1909). Modern human cortex is thought 
to have separated in size and complexity from that of rodents between 90 and 100 million 
years ago and from that of Old World Monkeys, the macaques, 25 million years before 
the present time (Rakic, 2009) (Fig. 1a-c).  
Generally, the mammalian cerebral cortex is a six-layer cellular sheet composed 
of projection (pyramidal neurons in layers 2 and 3, or neurons in layers 5 and 6) and local 
circuit neurons (inhibitory interneurons and excitatory interneurons in layer 4), which are 
arranged horizontally in layers, parallel to the pial surface, and vertically in columns, 
perpendicular to pial surface (Rakic, 2009). However, degrees of lamination vary across 
cytoarchitectonic areas, which may in turn be related to their function (Rempel-Clower 
and Barbas, 2000). One example can be seen in the laminar organizations of prefrontal 
cortex, the higher order area for complex multimodal integration, versus the primary 
visual cortex, a primary sensory area for unimodal representation, with the primary visual 
cortex exhibiting subdivided layers 2-3 and layer 4 (OKusky and Colonnier, 1982). 
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Figure 1. Broad comparison of the brain of a mouse and a macaque (adapted from 
Gilman, 2016 and Allen Brain Atlas) Top panels of A and B show the drawn-to-scale 
cerebral hemisphere of a mouse and a macaque monkey, respectively. The dorsal lateral 
prefrontal cortex, which has no counterpart in mouse, is shaded in blue. The frontal 
association cortex is shaded in blue for the mouse. Bottom panels of A and B show Nissl 
stained coronal sections of cerebral cortex of a mouse and a macaque monkey to illustrate 
the relatively small increase in thickness of cortex (dark purple outline) compared to 
large increase in surface area. (1: 100X in mouse to macaque monkey)  
 
 
A B 
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Prefrontal Cortex in Primates 
For animals with larger brains, the elaborate sensory and motor systems work 
together to provide detailed information about the surroundings and to respond 
appropriately to stimuli. However, the more information larger brains acquire from the 
world, the more filter is required for eluting out the unnecessary ones to prioritize the 
most appropriate behavior, most efficient coordinative function, and the best decision 
based on circumstances. To overcome the confusion of the multitude of sensory input, 
primates have evolved an information hub, the prefrontal cortex (PFC), and multiple 
mechanisms within it to coordinate multiple sensory and motor processes along an 
internal goal (Miller and Cohen, 2001).  
The PFC is the cortical region that is most elaborated in primates. In general, it is 
defined as the part of frontal cortex that does not evoke movements upon low threshold 
electrical stimulation, and is the projection zone of the mediodorsal nucleus of the 
thalamus (Goldman-Rakic and Porrino, 2004). In primates, the PFC is distinguished as 
recipient of sensory information emanating from visual, auditory, somatosensory, 
gustatory, and olfactory cortices. The PFC is not a homogeneous region, but rather 
composed of a series of areas that vary in their structure and connections. The 
heterogeneity of connections brings about the distinct functional attributes within 
different sectors of the PFC, which extends expansively on the medial, lateral, and orbital 
surfaces (for review, Barbas H. , 1995; Yeteriana, Pandyab, Tomaiuoloe, and Petrides, 
2012). 
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The lateral prefrontal cortex (LPFC) predominantly receives projections from 
visual, auditory, and somatosensory cortices, before it sends projections to the dorsal 
premotor cortices and the dorsal striatum, structures which are highly important for 
planned action (Barbas and Pandya, 1999). Therefore, the LPFC is involved in 
sensorimotor transformation (Fuster, Bodner, and Kroger, 2000). Moreover, the different 
input from sensory association cortices are preferentially distributed within LPFC, though 
not exclusively. For example, visual information from visual association cortices projects 
to the posterior part of LPFC within the principal sulcus and adjacent areas (Barbas H. , 
2000) and this area is therefore involved in visuomotor functions and eye movements 
(Barbas H. , 2000; Goldman and Nauta, 1976). Lastly, damages to the LPFC of monkeys 
results in their inability to perform the appropriate behavior to match the multitude of 
stimuli (Dias, Robbins, and Roberts, 1996). Therefore, the LPFC in primates appears to 
prioritize the multitude of internal and external stimuli to attend to the most beneficial 
information for the most appropriate behavior.  
 
Primary Visual Cortex in Primates 
The primary visual cortex (V1) is a primary sensory cortex – defined as the direct 
recipient of unimodal information from the unimodal sensory thalamic nuclei. Thus, V1 
is the first or earliest cortical visual area to receive visual information from the thalamus, 
receiving the highest level of detail with regard to visual information from the periphery. 
V1 is located in the posterior pole of the occipital lobe of all mammals studied. The 
functionally defined V1 is approximately equivalent to the anatomically defined striate 
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cortex, known for its distinctive stripe visible to the naked eye that represents myelinated 
axons from lateral geniculate nucleus (LGN) terminating in layer 4 of gray matter. V1, or 
Brodmann area 17, is highly specialized for processing visual information of the 
surrounding world. The visual information from the retina first relays through the LGN of 
the thalamus, then enters layer 4C of V1, prior to entering the extrastriate visual areas. 
The visual information relayed to V1 only detects edges. As visual information is further 
relayed to subsequent extrastriate areas via the ventral and dorsal stream, it is then coded 
for form and motion detection, respectively. The V1 of primates is perhaps the most 
specialized of all cortical regions for processing information about static versus moving 
objects, as well as recognizing patterns. 
 
Frontal Cortex in Mouse 
Although there is no structural or functional homologue of the lateral prefrontal 
cortex in the mouse cerebral cortex, mice are also thought to be capable of integrating 
sensory and motor stimuli to mediate confusion with the help of frontal association 
cortices (FC) on the medial (prelimbic and infralimbic) and dorsal (area FA) surfaces of 
the brain (Werd, Rajkowska, Evers, and Uylings, 2010). The FC in mouse is located at 
the septo-diencephalic junction, caudal to the olfactory bulb (Fig. 2A). The FC receives 
contextual information from the perirhinal (PRh) cortices, which receives projections 
from sensory cortex such as the visual, auditory, and piriform cortices, to form a 
reciprocal connection with the hippocampal CA1 and entorrhinnal cortex (Nakayama, et 
al., 2015). The FC also receives projections from the insular cortices (IC), which receives 
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converging input from the somatosensory cortices, ventroposterior and posterior thalamic 
nuclei, posterior intralaminar nuclei and midbrain parabrachial nucleus (Nakayama, et al., 
2015). All in all, the FC receives multimodal information most similar to PFC in monkey 
in regards to associative learning, planning and execution of complex cognitive behavior. 
 
Primary Visual Cortex in Mouse 
 Mouse V1 is located in the posterior end of the cerebral cortex (Fig. 2B). Similar 
to monkey visual cortex, the mouse visual cortex also contains a highly organized 
arrangement of distinct visual areas, which each encode unique combinations of 
spatiotemporal features (Marshel, Garrett, Nauhaus, & Callaway, 2011). However, one 
major difference between the rodent visual cortex and primate visual cortex is the direct 
projections from V1 to all extrastriate visual areas in the mouse (Coogan & Burkhalter, 
1993; Olavarria & Montero, 1989; Wang & Burkhalter, 2007); whereas only extrastriate 
visual areas V2, V3, V4 and MT are known to receive direct V1 input in the primate 
brain (Felleman & Van Essen, 1991). Differences in the function and organization of 
visual areas between mice and monkey are likely related to species-specific specialization 
to fit behavioral adaptation, which was also evidently shown in multimodal interactions 
in several rodent extrastriate areas processing information related to other sensory 
modalities (Miller & Vogt, 1984; Sanderson, Dreher, & Gayer, 1991; Wagor, Mangini, & 
and Pearlman, 1980) 
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Figure 2. Mouse cerebral cortex at the septo-diencephalic junction and rostral 
mesencephalon taken from Allen Brain Atlas. A shows the coronal section of a mouse 
brain at the septo-diencephalic junction with frontal cortex divided into layers (purple). B 
shows the coronal section of a mouse brain at the rostral mesencephalon with the primary 
visual cortex divided into layers (purple). 
A 
B 
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Functional and Structural Diversity of Pyramidal Neurons across Cortical Areas and 
Species  
Due to cortical expansion in primates, anatomically and functionally specialized 
cortical areas responsible for unimodal primary sensory to highly complex multimodal 
cognition have evolved. Communication within and between cortical regions is essential 
for proper cortical function (for review, Barbas H. , 2000; Yeterian, DN., Tomaiuolo, and 
Petrides, 2012). Cortical pyramidal neurons residing in layers 2-3 and 5-6 give rise to 
excitatory pathways that allow for communication, project locally within a given area and 
travel through the white matter to reach other cortical areas and subcortical structures 
(Pandya and Kuypers, 1969; Somogyi, Tamas, Lujan, and Buhl, 1998; Callaway, 2002; 
DeFelipe, Alonso-Nanclares, and Arellano, 2002; Douglas and Martin, 2004; Barbas, 
Bunce, and Medalla, 2013). These pyramidal neurons are thought to be the fundamental 
units of cortical circuits, which in turn underlie cortical function.  
Pyramidal neurons are typically characterized by a pyramidal shaped soma, a long 
apical dendrite that arises from the apex of the soma and ascends towards the pia, a skirt 
of basal dendrites that comes off the base of the soma and extend horizontally and 
towards the white matter, and a single axon that branches locally and then projects out to 
the white matter for output. The dendrites possess spines, the major recipients of 
excitatory input, to increase surface area of synaptic contact with axons of other neurons. 
In fact, in a healthy pyramidal neuron, the input received is largely dependent on the 
number and density of dendritic spines.  
9 
 
Studies have found diversity in the structural and functional properties of 
individual pyramid neuron across distinct cortical areas and animal models, that are 
thought to contribute to the overall functional specialization of each cortex (Elston, 2003; 
Medalla and Luebke, 2015; DeFelipe, Alonso-Nanclares, and Arellano, 2002). In rhesus 
monkey, the L2-3 pyramidal neurons in two functionally distinct cortical areas, LPFC 
and V1, were found to be heterogeneous in both structural and functional properties. 
Structurally, the dendritic arbors, most notably in the apical dendrites, of L2-3 pyramidal 
neurons in LPFC are larger, more complex and possess more spines than those of V1 
(Amatrudo, et al., 2012; Gilman, Medalla, and Luebke, 2016). Functionally, LPFC 
neurons are less excitable and have significantly more frequent synaptic events with 
larger amplitude and longer decay time, compared to V1 neurons (Medalla, and Luebke, 
2015).  
Contrary to the areal heterogeneity in the monkey, the L2-3 pyramidal neurons in 
mouse FC and V1 exhibited similar functional and structural properties (Gilman, 
Medalla, and Luebke, 2016). With regard to structure, mouse FC neurons resembled V1 
neurons in size, dendritic complexity, and spine density (DeFelipe, Alonso-Nanclares, 
and Arellano, 2002; DeFelipe, 2011; Gilman, Medalla, and Luebke, 2016). In terms of 
function, mouse FC and V1 neurons exhibited no differences in action potential firing 
and synaptic electrophysiological variables assessed (Gilman, Medalla, and Luebke, 
2016). 
When comparing between species, the L2-3 pyramidal neurons in both frontal and 
visual cortices differ in many structural and functional properties between the mouse and 
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the rhesus monkey (Gilman, Medalla, and Luebke, 2016). In terms of structure, the 
monkey LPFC L2-3 pyramidal neurons were significantly larger and contained more 
oblique dendrites, but possessed similar dendritic complexity, than mouse FC L2-3 
pyramidal neurons (Gilman, Medalla, and Luebke, 2016). In terms of function, monkey 
LPFC pyramidal neurons exhibited lower input resistance and higher rheobase compared 
to mouse FC neurons. Monkey LPFC neurons showed similar amplitude and kinetics, but 
had lower frequency of synaptic events than those in mouse FC (Gilman, Medalla, & 
Luebke, 2016). Similar to frontal cortical neurons, L2-3 pyramidal neurons in monkey 
primary visual cortex differ markedly between mouse and monkey. When compared to 
those in mouse V1, pyramidal neurons in monkey V1 are similar in terms of dendritic 
length and size, but exhibited fewer dendritic branching and thus lower spine density 
(Gilman, Medalla, & Luebke, 2016). In terms of function, monkey V1 neurons exhibited 
higher action potential firing frequencies than mouse V1 neurons. Spontaneous excitatory 
synaptic events in monkey V1 exhibited significantly lower frequency, but similar 
amplitude and kinetics than those in mouse V1 (Gilman, Medalla, and Luebke, 2016).  
The difference in action potential firing rate and spontaneous and miniature 
synaptic events appears to be more differentiated across distinct cortical areas in the 
monkey, as opposed to the mouse. In pyramidal neurons, the output variance is largely 
derived from the input and the degree of dendritic and somatic filtering. While the input 
resistance is fundamentally affected by morphological characteristics, including, but not 
limited to, dendritic length and dendritic complexity (Gilman, Medalla, and Luebke, 
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2016), the inputs themselves can be correlated with several presynaptic and postsynaptic 
ultrastructural features (Medalla and Luebke, 2015). 
 
Pre-synaptic and Post-synaptic Entities and Synaptic Efficacy 
The differences in cortical function and processing in distinct cortical regions and 
species is dependent not only on intrinsic properties of the pyramidal neurons, but also on 
features of the synapses of the cortical circuits they participate in. Pyramidal neurons give 
rise to glutamatergic excitatory pathways that determine the output of a cortical area. The 
synaptic features of these excitatory pathways can be readily observed under the electron 
microscope. Excitatory synapses possess an asymmetric postsynaptic density (PSD), 
round presynaptic axonal bouton vesicles, and a wide synaptic cleft (Peters, Palay, & 
Webster, 1991). While synapses can form on either spines or dendrites, the majority of 
excitatory asymmetric synapses in the cortex terminate on spines of other excitatory 
neurons (Somogyi, Tamás, Lujan, and Buhl, 1998), and this connection is thought to be 
the substrate for cortical output (Goldman-Rakic, Leranth, Williams, and Mons, 1989). 
The postsynaptic spines each arise directly from a parent dendrite, and occasionally 
contain a spine apparatus/smooth endoplasmic reticulum (SA/SER). The spine head size 
and presence of SA/SER were both found to be positively correlated with synaptic 
efficacy. The presence of SA/SER in spines, which serves as a site for calcium release 
and reuptake, is thought to be involved in signaling pathways that promote protein 
synthesis and insertion of  NMDA and AMPA glutamate receptors to synapses during 
long term potentiation (LTP) process of strengthening postsynaptic response to a given 
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input (Sabatini, Oertner, & Svoboda, 2002). The spine head volume has been shown to 
positively correlate with PSD area and number of AMPA receptors (AMPARs), leading 
to a larger and slower synaptic event, on each postsynaptic site (Harris et al., 1992; Baude 
et al., 1995; Nusser et al., 1998; Takumi et al., 1999; Desmond and Weinberg, 1998; 
Ganeshina, Berry, Petralia, Nicholson, and Geinisman, 2004). In addition to postsynaptic 
spines, the PSD surface area also contributes to synaptic efficacy. The PSD is typically 
continuous; however, there can be a perforation at the same synapse, perhaps for 
reorganization of cortical circuits to induce LTP (Buchs and Muller, 1996; Geinisman, et 
al., 1993; Geinisman, Leyla, Morrell, Persina, and Beatty, 1996). Mechanistically, the 
presence of a perforated PSD permits a larger areal coverage for glutamate to bind to 
AMPARs compared to simple single synapses, thus increasing the amplitude and kinetics 
of synaptic events (Clements et al., 1992; Diamond and Jahr, 1997; Franks et al., 2003; 
Raghavachari and Lisman, 2004; Matsuzaki et al., 2001). The axonal boutons have 
presynaptic active zones at which neurotransmitter-containing vesicles are docked and 
ready for release in the cleft. The size of boutons have been shown to correlate with the 
number of vesicles and the probability of neurotransmitter release during each action 
potential (Bekkers & Clements, 1999); whereas the size of vesicles are representative of 
quantal content, which can be described as the amplitude of one synaptic event response 
to a single vesicle release (for review, see Rollen-hagen and Lubke, 2006; Spruston, 
2008). 
Furthermore, the distance of activated synapses from the soma appears to affect 
the detection and integration of synaptic currents at the soma, thus, distal synaptic input 
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on larger and more complex dendritic arbors likely attenuate more as signals traverse the 
dendritic arbors towards the soma and axonal initial segment (Rall, 1962, 1964; Migliore, 
Cook, Jaffe, Turner, and Johnston, 1995; Mainen and Sejnowski, 1996; Krichmar, 
Nasuto, Scorcioni, Washington, and Ascoli, 2002; Psarrou, et al., 2014; Vetter, Roth, and 
Hausser, 2001; Tsay and Yuste, 2002). Therefore, the complexity of dendritic arbors is 
another key variable for the overall excitatory input/output fidelity of diverse cortical 
areas and species.  
Overall, size and complexity of pyramidal neurons along with the corresponding 
presynaptic and postsynaptic ultrastructural features of synapses on these neurons are 
required to understand how the unique functions come about among diverse cortical areas 
in different animal models. 
 
Purpose of this Study 
The purpose of this study is to directly compare the detailed presynaptic and 
postsynaptic ultrastructural features of specific glutamatergic synapses in layers 2-3 (L2-
3) neuropil of mouse FC and V1 with those of monkey LPFC and V1. The fine structure 
of synapses in L2-3 neuropil in mouse FC and V1 was imaged and analyzed using serial 
electron microscopy and 3D reconstruction. We then compared the current dataset with 
previous dataset of ultrastructural features of monkey LPFC and V1 from our previous 
study (Medalla and Luebke, 2015). This study aims to determine if differences between 
ultrastructure of excitatory synapses found between diverse cortical areas in rhesus 
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monkeys (Medalla and Luebke, 2015) are also found between corresponding cortices in 
the mouse. 
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METHODS 
 
Experimental Subjects 
 Brain tissue from 4 adult mice (~2 month of age, n=1 male, n=2 female and n=1 
from Bock D. Connectome Project: http://www.openconnectomeproject.org) and 4 adult 
rhesus monkeys (ages 6-8 years old; all female) were used in this study (FC was only 
taken from the male mouse, V1 was only accessible for the Bock D. Connectome Project 
mouse, and boutons were not analyzed for one of the monkeys). All mice were housed 
and kept at a 12h light/dark cycle before sacrificing individually at Boston University 
School of Medicine (Boston, MA). All rhesus monkeys were part of a larger program of 
studies examining the impact of normal aging on the brain. Monkeys were initially 
obtained from the Yerkes National Primate Research Center at Emory University 
(Atlanta, GA). Monkeys were housed individually in the Laboratory Animal Science 
Center at Boston University School of Medicine and kept under a 12h light/dark cycle. 
The Boston University School of Medicine is fully accredited by the Association of 
Laboratory Animal Care with animal research and maintenance conducted in strict 
adherence to animal care guidelines from the NIH Guide for the Care and use of 
Laboratory Animals and the U.S. Public Health Service Policy on Humane Care and Use 
of Laboratory Animals.  
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Brain Tissue Processing for Electron Microscopy 
Mice were anesthetized with ketamine xylazine cocktail, and continued to be 
sedated with iso-fluorine. After a thoracotomy, animals were perfused intra-cardially with 
1% paraformaldehyde and 1.25% glutaraldehyde in phosphate buffer or cacodylate, pH 
7.4, as described previously (Ludvigson, Luebke, Lewis, & Peters, 2011). Following 
craniotomy, the brains were removed and immersed in a stronger aldehyde solution, 
containing 2% PFA and 2.5% glutaraldehyde in the same buffer used for perfusion for at 
least 1 week at 40C. Small 1-2 mm3 blocks of tissue taken from the dorsal frontal cortex 
(FC) association and primary visual (V1) areas were osmicated, dehydrated through a 
series of increasing ethanol concentrations (70%-100%), infiltrated with propylene oxide, 
and embedded in Araldite resin, as described previously (Peters, 2000, 2001, 2008). 
Tissues were counterstained either en block with 1% UA in 70% EtOH (Medalla & 
Barbas, 2009), or on grids (after sectioning) with 3% uranyl acetate in water and followed 
by 1% lead citrate (Ludvigson, Luebke, Lewis, & Peters, 2011).  
 
Electron Microscopy Sectioning and Imaging for 2-Dimensional Analysis  
Each Araldite-embedded block was hand-trimmed to a trapezoid to include the 
entire depth of the cortex from the pia to the white matter and oriented so that the plane 
of section was parallel to the vertical axis of the apical dendrites. Semithick sections (500 
nm) were cut using a diamond histo-knife (Diatome) and mounted on glass slides and 
stained with toluidine blue for light microscopic examination. Using semithick (500 nm) 
sections viewed under the light microscope, layers 2-3 were demarcated from ~100 μm 
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deep to the pia, extending to ~300 μm toward the white matter for both FC and V1. The 
average block face area for both FA and V1 was 200 X 450 μm. 1-3 ultrathin sections (50 
nm) were then cut from each block using a diamond knife (Diatome). The sections were 
collected on single slot pioloform-coated grids. Ultrathin sections were then examined at 
80 kV using a JEOL JEM 1011 transmission electron microscope with a digital camera 
(Gatan). From each block, 30 randomly selected fields (67 μm2) in layers 2-3 and devoid 
of cell bodies of neurons and neuroglial cells were photographed at 20,000X 
magnification in a randomly chosen section. The total area imaged is ~2,000 μm2 for each 
data set. 
Serial Electron Microscopy Sectioning and Imaging for 3-Dimensional Analysis 
For serial sectioning and 3D EM analyses, the block was further precision-
trimmed to include the entire depth of layers 2-3 using a diamond trim tool (Diatome) 
and an ultramicrotome (Ultracut; Leica). The average block face area for both FA and V1 
was 150 X 300 μm. 
Approximately 40-60 serial ultrathin sections (50 nm) were then cut from each block 
using a diamond knife (Diatome). The ribbons of sections were collected on single slot 
pioloform-coated grids. Serial ultrathin sections were then examined at 80 kV using a 
JEOL JEM 1011 transmission electron microscope with a digital camera (Gatan). From 
each block, 1-2 fields devoid of cell bodies in the center of the sampling area in layers 2-
3 were photographed throughout 25-40 serial sections at 20,000X magnification. Serial 
images were aligned and analyzed using ReconstructTM software, as described previously 
(Fiala, 2005; Medalla et al., 2007). The thickness of the imaged sections was estimated 
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using the method of cylindrical diameters (Fiala and Harris, 2001a). The total volume 
imaged is 100-200 μm3 for each data set. 
 
Counting and Analysis of Synaptic Elements  
Synapses in the randomly selected fields were counted using both 2D and 3D 
stereologic methods as described previously (Peters, Sethares, & Luebke, 2008; Fiala & 
Harris, 2001). Synapses were counted from fields taken from single ultrathin section for 
2-D analysis and from the 25-40 serial sections for 3-D analysis. Excitatory asymmetric 
synapses were identified based on three classic criteria: the presence of a dense PSD, 
round vesicles, and a wide synaptic cleft. Inhibitory symmetric synapses were also 
identified based on three classic: the absence of a dense PSD, pleomorphic vesicles, and a 
narrow synaptic cleft criteria (Peters, Palay, & Webster, 1991). Asymmetric synapses 
were then further characterized based on morphology, whether they have macular 
(continuous) PSDs versus perforated PSDs. Asymmetric synapses were also 
characterized based on features of postsynaptic targets, whether formed on spines 
(axospinous) or dendrites (axodendritic), and the presence of spine apparatus/smooth 
endoplasmic reticulum (SA/SER) in postsynaptic spine head of axospinous synapses. 
For 2D counting methods, the profiles of synapses were marked if the synaptic 
junction was apparent, and if at least two synaptic vesicles were identifiable in the 
presynaptic component of the synapse. To estimate synaptic density from 2D counts, the 
size frequency method using the empirical formula suggested by Colonnier and Beaulieu 
(1985) was employed as described previously (Peters, Sethares, & Luebke, 2008). The 
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formula is Nv=NA/d, where Nv is the number of synapses per unit volume, NA is the 
number of synaptic junctions per unit area of an electron micrograph, and d is the mean 
length of densities associated with the synaptic junctions. The lengths of postsynaptic 
densities (PSDs) of the synaptic junctions were measured by drawing a straight line 
between its two ends if the synaptic junction profile was curved. For each stack of 
images, the lengths of the synaptic density of at least 900 asymmetric and all of the 
symmetric synapses, at least 100, were measured, and the mean lengths of the 
postsynaptic densities calculated. 
 
3-Dimensional Reconstruction and Analysis of Synaptic Elements 
Synapse densities were also estimated using 3D stereologic counting methods, as 
described previously (Fiala & Harris, 2001). In all four cases, all complete synapses and 
incomplete synapses touching one or more inclusion borders (bottom, right, and first 
serial section) were counted; while incomplete synapses contacting any of the exclusion 
borders (top, left, and last serial section) were excluded. A subset of complete symmetric 
and asymmetric synapses in the series were manually traced for object contours of PSDs, 
postsynaptic spines, and presynaptic boutons section by section. From these contours, the 
surface area of the PSD and the volume of spines and boutons were calculated. On 
average, 100 synapses from 25-40 serial sections were analyzed from each block. 
ReconstructTM was used to generate a 3D model (Virtual Reality Modeling Language) 
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Figure 3. Electron micrographs of L2-3 neuropil of FC and V1 in mouse and 
monkey. A-D, Electron micrographs (EM) of L2-3 neuropil showing examples of 
synapses (arrows), presynaptic boutons (shaded structures), and postsynaptic spines (Sp) 
or dendrites (Den). A, EM of mouse FC neuropil showing three boutons (blue) each 
forming an asymmetric synapse on a spine (Sp1, Sp2, Sp3) and one bouton (green) 
forming an asymmetric synapse on a dendrite (Den). B, EM of mouse V1 neuropil 
showing two boutons (blue) each forming an asymmetric synapse on a spine (Sp1, Sp2) 
and one bouton (green) forming an asymmetric synapse on a dendrite (Den). C, EM of 
monkey LPFC neuropil showing two boutons (blue) each forming an asymmetric synapse 
on a spine (Sp1, Sp2) and one bouton (red) forming a symmetric synapse on a dendrite 
(Den). D, EM of monkey V1 neuropil showing two boutons (blue) each forming an 
asymmetric synapse on a spine (Sp1, Sp2) and two boutons (green) each forming an 
asymmetric synapse on the same dendrite (Den). 
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Statistical Analysis and Comparison of Synaptic Elements Between Mouse and Rhesus 
Monkey 
The 2D and 3D quantitative data on synaptic features measured here in L2-3 of 
mouse FC and V1 were directly compared with our previous dataset from monkey LPFC 
and V1 data (Medalla & Luebke, 2015) (Fig. 3 A-D). All data were compiled in a 
Microsoft Excel spreadsheet to calculate the mean, standard deviation and standard 
errors. For each variable measured, differences across the four groups, mouse FC, mouse 
V1, monkey LPFC and monkey V1, were assessed using repeated measures of ANOVA 
and Tukey’s post hoc tests in SPSS (v 19, IBM Company). To assess (dis)similarities 
across the four groups based on combination of multiple presynaptic and postsynaptic 
variables, multidimensional Hierarchical Clustering and Discriminant Analyses using 
SPSS was employed. Hierarchical Clustering Analysis (HCA) was performed to 
determine global similarities and differences among four groups based on the multiple 
morphological variables measured (a total of 9 parameters measured). The HCA 
employed squared data (dis)similarity matrices derived from pairwise comparisons of 
mean morphological parameter profiles, which are interpreted as spatial distances and 
plotted as a cluster tree diagram. The distance between two branching points in a cluster 
tree diagram represents the relative similarity of the groups; the longer the inter-branch 
distance, the more dissimilar are the subgroups. Discriminant Analysis (DA) was 
employed to assess how well each measured morphological variable segregated the 
subjects into four groups and predicted group membership. The DA identifies which 
experimental variables show the clearest separation of the distributions of individual 
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subjects belonging to different groups (mouse FC, mouse V1, monkey LPFC, and 
monkey V1). A discriminant score for each variable based on a discriminant function is 
then calculated, which determines the variables ability to predict group membership. The 
highest discriminant score for each function represents the best predictor of group 
membership. To determine the population distribution of synaptic elements measured for 
each group, analyses of absolute, relative (n in each bin/total n), and cumulative 
frequency distribution histograms of synaptic properties were conducted. The coefficient 
of variation (CV) and skew were calculated for frequency distribution histograms of 
synapse size measurements (PSD area, spine volume, bouton volume). The CV was 
defined as σ/μ where σ is the sample SD and μ the sample mean. Skew is defined as Σ 
((xi – μ)/σ)3/N, where the sum is over the N data points xi. A Kolmogorov-Smirnov (K-S) 
test was used to compare two cumulative distribution historgrams. Relationships between 
variables were examined with linear regression analyses using Pearson’s correlation. All 
values were reported as mean ± SEM from multiple animals. 
 
 
 
 
 
 
 
 
 
23 
 
RESULTS 
 
Overall Distribution and Density of Asymmetric Synapses 
Serial EM demonstrated that asymmetric (excitatory) synapses comprised the 
majority of synapses in layers 2-3 neuropil of the four groups (90 ± 3.2% for mouse FC, 
91 ± 1.9% for mouse V1, 88 ± 3.2% for monkey LPFC, 84 ± 4.3% for mouse V1), with 
the remaining being symmetric (inhibitory) synapses. The relative proportions of 
asymmetric and symmetric synapses of mouse FC and V1 did not differ significantly 
from monkey LPFC and V1 (Fig. 4A-D). 
Asymmetric synapses were further classified based on their postsynaptic targets, 
with the majority (94 ± 1.5% for mouse FC; 92 ± 2.7% for mouse V1, 81 ± 2.2% for 
monkey LPFC; 75 ± 3.1% for monkey V1) formed on spines (axospinous), and the rest 
formed on dendrites (axodendritic). (Fig. 5). The relative proportions of asymmetric 
axospinous synapses versus asymmetric axodendritic synapses did not differ between FC 
and V1 in mouse or monkey, but the relative proportions and numerical density of 
asymmetric axospinous synapses were significantly higher in mouse FC and V1, when 
compared to monkey LPFC and V1 (Fig. 5 and 6). However, the proportion of 
asymmetric synapses that were axodendritic was higher in monkey LPFC and V1 
compared to mouse FC and V1 (Fig. 5).  
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Figure 4. Proportions of asymmetric and symmetric synapses in L2-3 neuropil of FC 
and V1 in Mouse verusus Monkey. A-D, Pie charts of proportions of asymmetric and 
symmetric synapses in L2-3 neuropil of A, mouse FC, B, mouse V1, C, monkey LPFC, 
and D, monkey V1, stereologically counted using 3D serial electron microscopy. E, Bar 
graph of excitatory to inhibitory input ratio in L2-3 neuropil of mouse FC (red) and 
mouse V1 (yellow), monkey LPFC (blue), and monkey V1 (green). 
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Figure 5. Proportion of asymmetric synapses in L2-3 neuropil of FC and V1 in 
Mouse versus Monkey formed on spines and dendrites. Bar graph proportion of 
asymmetric synapses in L2-3 neuropil formed on spines (navy blue) and dendrites (light 
green).  
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Figure 6. Synapse Density in L2-3 neuropil of FC and V1 in mouse versus monkey. 
Bar graph of numerical synaptic density of L2-3 neuropil of FC and V1 in mouse versus 
monkey. 
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Density and Size of Subpopulations of Asymmetric Axospinous Synapses 
In addition to asymmetric axospinous synaptic density, mouse FC do not differ 
from mouse V1 in size of PSD area in L2-3 neuropil. L2-3 neuropil of monkey LPFC 
consisted of the largest asymmetric axospinous synaptic PSD area (0.12 ± 0.0088 μm2) 
compared to the rest (monkey V1 (0.082 ± 0.010 μm2), mouse FC (0.073 ± 0.018 μm2) 
and V1 (0.083 ± 0.0085 μm2)) (Fig. 8). L2-3 neuropil of mouse FC contained 
significantly smaller asymmetric axodendritic synaptic PSD area when only compared to 
monkey LPFC, but not mouse V1 or monkey V1 (Fig. 8).  
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Figure 7. Postsynaptic density surface area of asymmetric synapses in L2-3 neuropil 
of FC and V1 in Mouse versus Monkey formed on spines and dendrites. Surface area 
of PSDs of total asymmetric synapses, and the subpopulation formed on spines and 
dendrites in L2-3 neuropil of mouse FC (red), mouse V1 (yellow), monkey LPFC (blue), 
and monkey V1 (green). 
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Using ReconstructTM, all complete asymmetric axospinous synapses (including 
the presynaptic boutons and postsynaptic spines) in layers 2-3 neuropil of mouse FC (n = 
209) and mouse V1 (n = 178), from 3 subjects were reconstructed in 3D (Fig. 8). In 
addition to quantifying the surface area of the PSD and volume of the targeted spine to 
access the number of AMPA receptors (Desmond and Weinberg, 1998; Ganeshina, 
Berry, Petralia, Nicholson, and Geinisman, 2004), the presence of a perforation on the 
PSD, which have previously been positively correlated with receptor density and 
conductance (Buchs and Muller, 1996; Geinisman, et al., 1993; Geinisman, Leyla, 
Morrell, Persina, and Beatty, 1996). The postsynaptic spines were also assessed for the 
presence or absence of spine apparatus/smooth endoplasmic reticulum (SA/SER) in their 
heads, which has previously been associated with calcium reuptake efficacy (Sabatini, 
Oertner, & Svoboda, 2002). Mouse data were then compared with monkey data obtained 
by Medalla and Luebke (2015). Among the different features of asymmetric axospinous 
synapses (perforated PSD, non-perforated PSD, or the presence or absence of the 
SA/SER in the postsynaptic spine head), L2-3 neuropil of monkey LPFC is significantly 
different from L2-3 neuropil of monkey V1, with more abundant perforated PSD, larger 
PSD areas of perforated synapses and synapses on SA/SER-containing spines, and 
volumes of spines with perforated synapses and with SA/SER (Fig. 9 and 10). In contrast, 
mouse FC and V1 did not differ with respect to any of these properties. Comparing 
between species, L2-3 neuropil of monkey LPFC contains significantly more abundant 
perforated PSD and larger spines with perforated synapses, and with SA/SER, but do not 
differ in PSD areas of perforated synapses or of synapses with SA/SER containing spines, 
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than L2-3 neuropil of mouse FC (Fig. 9 and 10). Features of asymmetric axospinous 
synapses do not differ in relative proportions, PSD area, or spine volume, among mouse 
FC, mouse V1, and monkey V1 (Fig. 9 and 10). 
With regard to presynaptic axonal bouton size, L2-3 neuropil of monkey LPFC 
possessed significantly larger boutons of both perforated and macular synapses, whereas 
L2-3 neuropil of monkey V1 contained larger boutons of only perforated synapses, than 
L2-3 of mouse FC and V1, respectively (Fig. 11). L2-3 neuropil of mouse FC resembled 
that of V1 in presynaptic bouton size, while L2-3 neuropil of monkey LPFC differ 
substantially from that of monkey V1 in bouton size of perforated synapses (Fig. 11). 
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Figure 8. 3D-Reconstructions of asymmetric axospinous synapses in L2-3 neuropil 
of mouse FC and V1 perforated and/or contained spine apparatus (smooth 
endoplasmic reticulum). A. 3D-Reconstructions of a subset of perforated axospinous 
synapses on spines with SA/SER (purple), non-perforated axospinous synapses on spines 
with SA/SER (orange) and without SA/SER (light blue), and their associated spines 
(blue) in a volume of L2-3 neuropil in FC and V1. Scale cube 0.1 μm3. B. 3D-
Reconstructed nonperforated axospinous synapses on spines with SA/SER (orange) and 
without SA/SER (light blue), and perforated axospinous synapses on spines with SA/SER 
(purple) in mouse FC (left) and V1 (right). Scale cube 0.5 nm3. 
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Figure 9. Proportion of asymmetric axospinous synapses in L2-3 neuropil of FC and 
V1 in Mouse versus Monkey perforated and/or contained spine apparatus (smooth 
endoplasmic reticulum). Bar graph of subpopulation of asymmetric axospinous 
synapses perforated and/or contained SA/SER in L2-3 neuropil of mouse FC (red), 
mouse V1 (yellow), monkey LPFC (blue), and monkey V1 (green). 
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Figure 10. Postsynaptic density area and postsynaptic spine volume of asymmetric 
axospinous synapses in L2-3 neuropil of FC and V1 in Mouse versus Monkey 
perforated and/or contained spine apparatus (smooth endoplasmic reticulum). PSD 
area and spine volume of subpopulations of asymmetric axospinous synapses perforated 
and/or contained SA/SER in L2-3 neuropil of mouse FC (red), mouse V1 (yellow), 
monkey LPFC (blue), and monkey V1 (green). 
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Figure 11. Presynaptic bouton volume of asymmetric axospinous synapses in L2-3 
neuropil of FC and V1 in mouse and monkey of all, perforated or macular 
(nonperforated) synapses. Bouton volume of subpopulations of asymmetric axospinous 
synapses of all, perforated or macular synapses in L2-3 neuropil of mouse FC (red), 
mouse V1 (yellow), monkey LPFC (blue), and monkey V1 (green). 
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Positive Linear Relationship between Presynaptic and Postsynaptic Entities 
Relationships between presynaptic and postsynaptic entities of layers 2-3 neuropil 
of mouse versus monkey frontal and visual areas were assessed using linear regression 
analysis. Correlation analyses of mouse data was compared with monkey data obtained 
from Medalla and Luebke (2015). Linear regression analysis showed a strong positive 
correlation of PSD area with the volume of the postsynaptic spine was found among 
mouse FC (r = 0.9, p < 0.001), mouse V1 (r = 0.84, p < 0.001), monkey LPFC (r = 0.87, 
p < 0.001), and monkey V1 (r = 0.73, p < 0.001) (Fig. 12A). The PSD area was also 
correlated with the volume of presynaptic bouton, a relationship stronger in mouse FC (r 
= 0.85, p < 0.001), mouse V1 (r = 0.75, p < 0.001), and monkey LPFC (r = 0.81, p < 
0.001), than in monkey V1 (r = 0.3, p < 0.001) (Fig. 12B). The linear relationship 
between synapse size and the size of presynaptic and postsynaptic elements in FC and V1 
in both mouse and monkey is consistent with the findings in other areas of the rodent 
cortex (Harris et al., 1992; Rollenhagen, et al., 2015; for review, see Rollenhagen and 
Lubke, 2006; Bourne and Harris, 2008), and in many areas of the monkey (Medalla, 
Lera, Feinberg, and Barbas, 2007; Medalla and Barbas, 2009, 2010; Timbie and Barbas, 
2014). 
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Figure 12. Relationship between presynaptic and postsynaptic features of 
asymmetric axospinous synapses in L2-3 neuropil of FC versus V1 in mouse and 
monkey. A, Linear correlation of PSD area with spine volume of asymmetric axospinous 
synapses in L2-3 neuropil of mouse FC (red), mouse V1 (yellow), monkey LPFC (blue), 
and monkey V1 (green) (p < 0.001). B, Linear correlation of PSD area with bouton 
volume of asymmetric axospinous synapses in L2-3 neuropil of mouse FC (red), mouse 
V1 (yellow), monkey LPFC (blue), and monkey V1 (green) (p < 0.001). 
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Population Distribution of Ultrastructural Features of Asymmetric Axospinous 
Synapses 
Mean population distribution histograms of presynaptic and postsynaptic features 
of asymmetric axospinous synapses, wherein relative frequency (n in each bin/total n) 
was calculated to normalize for the differences in total number of synapses counted for 
each case. Mouse data were analyzed from all asymmetric axospinous synapses from 
three animals. Monkey data shown in figure 13 was obtained from Medalla and Luebke 
(2015). 
In mouse, the population distribution frequency of PSD area, postsynaptic spine 
volume, and presynaptic bouton volume did not differ significantly between FC and V1 
(Fig. 13A-C). Unlike in the mouse, monkey V1 neuropil showed higher relative 
frequency of small synapses (PSD area 0.06-0.08 μm2) and spines, which was evident in 
a leftward shift of cumulative frequency histograms, compared to monkey LPFC 
(Medalla and Luebke, 2015) (Fig. 14A-B). However, the population distribution of 
bouton volumes did not differ significantly between layers 2-3 neuropil of LPFC and V1 
in monkey, but large boutons > 0.7 um3 were evident in LPFC but not in V1 (Medalla 
and Luebke, 2015) (Fig. 14C). 
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Figure 13. Population distribution histograms of presynaptic and postsynaptic 
features of asymmetric axospinous synapses in L2-3 neuropil of FC versus V1 in 
mouse. Relative and cumulative frequency distribution histograms of the following: A, 
PSD areas. B, Spine volumes. C, Bouton volumes of asymmetric axospinous synapses in 
layers 2-3 neuropil of FC versus V1 in mouse.  
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Figure 14. Population distribution histograms of presynaptic and postsynaptic 
features of asymmetric axospinous synapses in L2-3 neuropil of LPFC versus V1 in 
monkey. A, PSD areas. B, Spine volumes. C, Bouton volumes of asymmetric axospinous 
synapses in L2-3 neuropil of monkey LPFC and V1. Note the more positively skewed 
frequency distribution and rightward shift of the cumulative distribution in LPFC versus 
V1 in monkey. (p < 0.05). 
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Discriminant and hierarchical cluster analyses predictions of group membership 
Discriminant analysis (DA) was employed to assess how well each set of 
morphological variables (9 parameters in total) predicted group membership and 
segregated each animal of the four groups from one another. DA was employed for each 
set of variables of asymmetric axospinous synapses – synaptic density, PSD area of 
perforated and macular (non-perforated) synapses, spine volume of perforated and 
macular synapses, PSD of spines with SA/SER, spine volume of spines with SA/SER, 
and presynaptic bouton volume of perforated and macular synapses. Among each group 
of variables, DA revealed that the following variables were the most significantly 
correlated and the most reliable discriminators of group membership: PSD area and spine 
volume of spines with SA/SER, spine volume of perforated synapses, and spine volume 
of macular synapses (Table 1). Consistent with previous findings, a scatter plot of group 
membership based on discriminant functions for each set of variables showed more 
segregation of data points between monkey LPFC and V1 than between mouse FC and 
V1. Moreover, data points of mouse V1 and monkey V1 showed more segregation than 
mouse FC and mouse V1, suggesting a more homogenous L2-3 neuropil in mouse than in 
cortical areas between mouse and monkey (Fig. 15). 
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Table 1. Discriminant scores/standardized canonical coefficients for multiple 
variables. Table of standardized canonical coefficients for multiple variables comparing 
PSD areas, spine volumes, and bouton volumes among individual cases of mouse FC, 
mouse V1, monkey LPFC, and monkey V1. 
Variables Function 1 Function 2 Function 3 
Perforated PSD Area -0.789 -0.317 -6.624 
Macular PSD Area -1.209 1.657 0.464 
PSD Area on Spine with  SA/SER 3.356 -0.955 5.711 
Spine Volume of Perforated PSD 4.417 1.174 6.061 
Spine Volume of Macular PSD 1.308 -4.17 1.297 
Spine Volume of Spine with SA/SER -4.061 2.635 -5.623 
Bouton Volume of Macular PSD  -0.986 0.331 -0.935 
Axospinous Synaptic Density 2.74 -0.178 0.355 
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Figure 15. Canonical discriminant functions of presynaptic and postsynaptic entities 
of asymmetric axospinous synapses in L2-3 neuropil of FC and V1 in mouse and 
monkey. Scatter plot with group centroid of canonical discriminant functions based on 
most reliable and relatable presynaptic and postsynaptic variables of asymmetric 
axospinous synapses in L2-3 neuropil of mouse FC, mouse V1, monkey LPFC and 
monkey V1.  
 
 
 
Mouse FC 
Mouse V1 
Monkey LPFC 
Monkey V1 
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To assess the (dis)similarities across the 12 individual subjects and across the four 
groups overall (mouse FC, mouse V1, monkey LPFC, and monkey V1), when all 9 
presynaptic and postsynaptic entities of asymmetric axospinous synapses were considered 
in concert in a multidimensional scale, Hierarchical Clustering Analysis (HCA) was 
performed (Fig. 16, 17). Hierarchical clustering based on all mean asymmetric axospinous 
synaptic properties of individual animals revealed that monkey (Monkey 1-3) LPFC is the 
most different group. Dendrogram plots based on squared Euclidean distances (Table 2) 
showed that, all monkey LPFC cases clutstered together and branched off earliest in the 
dendrogram and had the largest Euclidean and branching distance from the other groups, 
and is therefore the most dissimilar across the four groups (Fig. 16). Dendrograms also 
showed that, with the exception of one mouse FC and V1 case, mouse V1 and FC were 
more similar to each other, having an inter-branch distance smaller than between than 
monkey LPFC and V1. In contrast, monkey V1 and monkey LPFC cases each formed 
distinct clusters, which had large inter-branch distances, and are therefore more dissimilar 
from each other compared to mouse V1 and FC. 
To assess overall (dis)similarities across the four groups (mouse FC, mouse V1, 
monkey LPFC, and monkey V1) of L2-3 neuropil, HCA was performed on normalized 
mean presynaptic and postsynaptic features of axospinous synapses measured from each 
group (Fig. 17). HCA based on all mean asymmetric axospinous synaptic properties of 
each group supported results from multifactorial ANOVA comparison and showed that 
monkey V1 versus LPFC neurons segregated from each other to a greater degree than 
mouse V1 and FC neurons. 
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Table 2. Proximity (Dissimilarity) matrix with squared Euclidian distance of 
individual cases. Table of proximity matrix shows the dissimilarity comparing PSD 
areas, spine volumes, and bouton volumes among individual cases of mouse FC, mouse 
V1, monkey LPFC, and monkey V1. 
 
Case Mse1   
FC    
Ms2     
FC    
Ms3     
FC    
Mse1  
V1    
Mse2  
V1      
Mse3  
V1    
Mky 1 
LPFC  
Mky 2 
LPFC 
Mky 3 
PFC 
Mky1  
V1    
Mky2  
V1   
Mky3  
V1   
Mse1 
FC    
0.00 5.84 34.48 5.19 35.93 16.05 54.33 46.62 58.76 27.41 12.87 42.45 
Mse2 
FC    
5.84 0.00 14.05 1.39 17.79 4.94 32.81 30.79 36.02 20.13 11.01 26.61 
Mse3 
FC 
34.48 14.05 0.00 15.54 2.87 7.11 8.29 12.47 8.90 21.82 23.41 15.09 
Mse1 
V1    
5.19 1.39 15.54 0.00 17.51 4.42 30.06 26.91 32.79 13.95 5.32 21.07 
Mse2 
V1      
35.93 17.79 2.87 17.51 0.00 7.45 7.58 14.31 6.84 18.55 21.58 10.65 
Mse3 
V1    
16.05 4.94 7.11 4.42 7.45 0.00 16.78 20.56 19.89 11.49 8.91 11.91 
Mky1 
LPFC 
54.33 32.81 8.29 30.06 7.58 16.78 0.00 5.93 1.42 16.61 27.40 9.23 
Mky2 
LPFC 
46.62 30.79 12.47 26.91 14.31 20.56 5.93 0.00 6.51 18.63 25.61 16.55 
Mky3 
LPFC 
58.76 36.02 8.90 32.79 6.84 19.89 1.42 6.51 0.00 19.10 30.08 9.42 
Mky1 
V1    
27.41 20.13 21.82 13.95 18.55 11.49 16.61 18.63 19.10 0.00 4.74 5.25 
Mky2 
V1   
12.87 11.01 23.41 5.32 21.58 8.91 27.40 25.61 30.08 4.74 0.00 12.07 
Mky3 
V1   
42.45 26.61 15.09 21.07 10.65 11.91 9.23 16.55 9.42 5.25 12.07 0.00 
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Figure 16. Dendrogram illustration of proximity of individual cases of mouse FC, 
mouse V1, monkey LPFC and monkey V1. Hierarchal clustering analysis dendrogram 
comparing PSD areas, spine volumes, and bouton volumes among individual cases of the 
four groups: mouse 1-3 FC (red), mouse 1-3 V1 (yellow), monkey 1-3 LPFC (Blue), 
monkey 1-3 V1 (green). 
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Monkey2 LPFC 
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Figure 17. Dendrogram illustration of proximity of mouse FC, mouse V1, monkey 
LPFC and monkey V1. Hierarchal clustering analysis dendrogram comparing PSD 
areas, spine volumes, and bouton volumes among the four groups (mouse FC (red), 
mouse V1 (yellow), monkey LPFC (blue), and monkey V1 (green). 
 
 
 
 
 
 
Mouse FC 
Mouse V1 
Monkey V1 
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DISCUSSION 
 
 Differences in glutamatergic synaptic transmission are thought to contribute to the 
overall functional specialization in diverse cortical areas (Medalla and Luebke, 2015; 
Barbas, Bunce, and Medalla, 2013). By characterizing the presynaptic and postsynaptic 
entities of excitatory synapses, we assessed whether cortical heterogeneity between a 
multimodal LPFC versus a primary sensory V1 (Medalla and Luebke, 2015) in the rhesus 
monkey, holds true in the mouse. In a previous study from our lab, mouse FC resembled 
mouse V1 in terms of the morphology, action potential firing rate, and synaptic response 
properties assessed in individual L3 pyramidal neurons (Gilman, Medalla, and Luebke, 
2016). The purpose of this study is to provide qualitative and quantitative measures of the 
presynaptic and postsynaptic features of excitatory synapses in mouse FC and V1 and to 
determine whether synaptic structural features are similarly homogeneous between 
mouse FC and V1. In addition, in series with previous work done from our lab, this study 
also provides insight into whether the properties of primate, including human, cortices 
differ significantly from the well-studied rodents. First, synapses in L2-3 neuropil of 
mouse FC and V1 were characterized and compared; then, comparisons were made with 
monkey LPFC and V1 data obtained from Medalla & Luebke (2015). 
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Excitatory Synaptic Density Similar in Mouse but Distinct in Monkey Frontal Versus 
Visual Cortices 
Overall, L2-3 neuropil of all four groups (mouse FC, mouse V1, monkey LPFC, 
and monkey V1) showed similar relative proportions of asymmetric (excitatory) versus 
symmetric (inhibitory) synapses. The numerical density of asymmetric (excitatory) 
synapses in L2-3 neuropil was similar between mouse FC and V1, and both were higher 
compared to L2-3 neuropil of monkey LPFC and V1. In our previous study based on 
confocal images of individual L3 neurons (Gilman, Medalla, and Luebke, 2016), mouse 
FC, mouse V1 and monkey LPFC neurons all exhibited similar spine densities higher 
than in monkey V1 neurons. However, the present study using EM methods showed 
higher density of asymmetric axospinous synapses in FC and V1 in mouse compared to 
both monkey V1 and LPFC. This discrepancy between the differences in spine density of 
individual L3 neurons observed in confocal images and the differences in axospinous 
synaptic density in L2-3 neuropil observed in EM may be due to differences in the 
synapse-to-neuron ratio across areas and also to the fundamental differences in sampling 
between the two methods. The overall neuronal density in mouse FC, mouse V1, monkey 
LPFC and monkey V1 can influence the estimates of synaptic density in the L2-3 
neuropil and how it correlates with spine density per neuron. An area with a high 
axospinous synaptic density but with a low neuronal density would result in a high 
synapses to neuron ratio. This can be confirmed by quantifying spine density or number 
across individual dendritic arbors of neurons at the confocal level. Compared to mouse 
FC and V1, which contained on average about 9.2 x 104 neurons/mm3 (Schüz and Palm, 
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2004), monkey LPFC contained larger neurons and are less densely packed, with about 
4.0 x 104 neurons/mm3 (Dombrowski, Hilgetag, and Barbas, 2001). In contrast to monkey 
LPFC, monkey V1 contained about 119,000 neurons/mm3 (O'Kusky and Colonnier, 
1982), which is comparable to mouse V1 and FC cortical density. Since monkey V1 has 
more neurons than monkey LPFC, but axospinous synaptic density is similar between 
monkey V1 and LPFC (Medalla and Luebke, 2015), we can predict that synapse per 
neuron is lower in V1 versus LPFC. This is consistent with the spine density and number 
in individual L3 neurons in monkey V1 versus LPFC, which are lower in V1 neurons 
than in LPFC (Amatrudo, et al., 2012; Medalla and Luebke, 2015). Mouse FC and V1 
both have similar neuronal density as monkey V1, which are both about 2x more than 
monkey LPFC. However, the axospinous synaptic density observed in L2-3 neuropil of 
mouse FC and V1 was also about 2x more than that of monkey LPFC and V1. Therefore, 
we can predict mouse FC, mouse V1 and monkey LPFC display similar synapse per 
neuron that are higher than monkey V1. This is consistent with the spine density in 
individual L3 neurons, which are similar in monkey LPFC versus mouse FC and V1 
(Gilman, Medalla, and Luebke, 2016). In terms of total spine number, L3 neurons in 
monkey LPFC possessed more spines per neuron compared to those in mouse FC and V1 
(Gilman, Medalla, and Luebke, 2016). The higher spine number is due to monkey LPFC 
L3 neurons possessing longer dendritic arbors spanning a wider area, due to increased 
cortical thickness compared to that of the mouse (DeFelipe J. , 2011; Gilman, Medalla, 
and Luebke, 2016). 
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In addition to potential differences in synapse to neuron ratio across mouse and 
monkey areas, the discrepancy between individual L3 neuron confocal spine density and 
EM L2-3 neuropil synapse density can be due to differences in sampling scale between 
the confocal and EM methods. Confocal data was obtained from individual L3 neurons in 
which spines were counted across whole dendritic segments and cells, while the EM 
sampled volume is consist of a mixed population of dendrites, In addition to dendrites 
from L3 pyramidal cells, axospinous synapses counted in L2-3 neuropil can come from 
dendrites of other sources such as, the distal dendrites coming from pyramidal neurons in 
deep layers traversing to the upper layers, and from sparsely spiny interneurons 
(Kawaguchi and Kubota, 1997; Krimer, et al., 2005; Medalla and Barbas, 2009; Peters 
and Sethares, 1991). It is possible that the proportions of these different dendritic sources 
of spines differ across the mouse and monkey cortical areas, and therefore, L2-3 neuropil 
axospinous synapses do not correlate with L3 pyramidal neuron spine density in the same 
way across the cortical areas. 
Moreover, L2-3 neuropil of monkey LPFC and V1 contained significantly higher 
proportion of synapses formed on dendrites, as opposed to spines, than mouse FC and 
V1. The dendrites that are targeted by multiple glutamatergic axonal boutons to form 
asymmetric synapses are further characterized by their aspiny (lack spines) or sparsely 
spiny dendritic surface. Healthy dendrites without spines likely belong to inhibitory 
neurons (Kawaguchi and Kubota, 1997). Once these inhibitory neurons are excited, their 
local axonal projections release the neurotransmitter γ-amino-butyric acid (GABA) which 
elicits an inhibitory post-synaptic potential (IPSP) on their targeted neurons. That said, 
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the increase in relative proportion of asymmetric axodendritic synapses observed in L2-3 
neuropil of monkey LPFC against mouse is consistent with a higher number of inhibitory 
interneurons in the upper layers of monkey compared to rodent cortex (DeFelipe, Alonso-
Nanclares, and Arellano, 2002; Gabbott and Bacon, 1996; Gabbott, Dickie, Vaid, 
Headlam, and Bacon, 1997). 
 
Comparisons of Ultrastructural Features and Synaptic Efficacy within Species 
In contrast to monkey areal heterogeneity (Medalla and Luebke, 2015) of synaptic 
features, mouse FC resembled mouse V1 in bouton volume, spine head volume, and PSD 
surface area. In addition to overall spine volume and PSD area, in depth analysis of 
subpopulations of asymmetric axospinous synapses, including the presence of perforated 
PSD and/or presence of SA/SER in spine heads was conducted. Once again, mouse FC 
resembled mouse V1 in the relative proportion and size of all variables assessed. In line 
with this structural similarity, there was also electrophysiological homogeneity in the 
excitatory postsynaptic currents (EPSC) of L3 neurons of mouse FC and V1 cortices 
(Gilman, Medalla, and Luebke, 2016). The consistency in structure and function appears 
to be in agreement with previous studies showing the relevance of ultrastructural features 
for characteristics of synaptic events. Specifically, the volume of boutons, the volume of 
spine heads, proportion and volume of spines containing SA/SER, and proportion and 
surface area of perforated PSD are some, but not all, of the interacting variables 
determining the synaptic efficacy, and can therefore affect the properties of excitatory 
synaptic events. The volume of presynaptic boutons is critical for the probability and 
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quantal content of neurotransmitter release, effectively affecting the frequency of 
synaptic events (Bekkers and Clements, 1999). In L2-3 neuropil, bouton volume in 
mouse FC do not differ from that of V1, thus consistent with the similarities in frequency 
of EPSCs (Gilman, Medalla, and Luebke, 2016). The PSD is where the receptors for the 
glutamate reside. Synapses with perforated PSD have been shown to permit more areal 
coverage of glutamate to prevent AMPA receptor saturation than do simple macular 
synapses, leading to a more powerful postsynaptic response (Clements, Lester, Tong, 
Jahr, and Westbrook, 199; Diamond and Jahr, 1997; Franks, Stevens, and Sejnowski, 
2003; Matsuzaki, Ellis-Davies, Nemoto, Miyashita, and Iino, 2001; Raghavachari & 
Lisman, 2004). In L2-3 neuropil, there was no difference in proportion and surface area 
of either macular or perforated PSD comparing mouse FC and V1, consistent with the 
similarity of amplitude and decay time of EPSCs (Gilman, Medalla, and Luebke, 2016). 
The spine head determines not only receptor localization, but also the mechanism 
necessary to replenish NMDAR and AMPRAR via the SA/SER. The volumes of spine 
heads are positively correlated with AMPAR number, which in turn contribute to larger 
and slower EPSCs (Baude et al., 1995; Desmond and Weinberg, 1998; Ganeshina, Berry, 
Petralia, Nicholson, and Geinisman, 2004; Harris et al., 1992; Nusser et al., 1998; 
Takumi et al., 1999). The presence of SA/SER in the spine head facilitates calcium 
release and reuptake and is involved in synthesis and localization of NMDARs and 
AMPARs, thus strengthening EPSCs (Sabatini, Oertner, and Svoboda, 2002). In L2-3 
neuropil, mouse FC and V1 were similar in terms of volume of spine head, and 
proportion and volume of SA/SER containing spines, agreeing with the strength and 
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kinetics of EPSCs (Gilman, Medalla, and Luebke, 2016). Overall, the similarities in 
miniature and spontaneous EPSCs of L3 neurons between mouse FC and V1 is consistent 
with similarities in spine density and dendritic compartmentalization shown previously 
(Gilman, Medalla, and Luebke, 2016), and similarities in presynaptic and postsynaptic 
entities in L2-3 neuropil of the two mouse cortices studied here. 
 
Comparisons of Ultrastructural Features and Synaptic Efficacy between Species 
Comparisons between species in the present study also provided evidence for 
diversity in presynaptic and postsynaptic structures in L2-3 neuropil of mouse versus 
monkey. Structurally, L2-3 neuropil of monkey LPFC contained significantly more 
abundant perforated PSD, larger spine volume of perforated synapses, and larger SA/SER 
containing spine volume than L2-3 neuropil of mouse FC. Functionally, monkey LPFC 
neurons resembled mouse FC neurons in amplitude or kinetics of synaptic currents, as 
well as spine density (Gilman, Medalla, and Luebke, 2016), but do differ in synaptic 
frequency. Since proportion of large boutons, width of spines, proportion of perforated 
synapses, and size of spines with SA/SER were all suggested to be positively correlated 
with amplitude, kinetics, and frequency of EPSCs in individual L2-3 neurons, larger, 
longer and faster synaptic events in monkey LPFC neurons, compared to mouse FC 
neurons, should be expected. However, our previous work has shown that EPSC 
properties of LPFC L3 neurons resembled that of mouse (Gilman, Medalla, and Luebke, 
2016). Possible differences in dendritic filtering, with the larger dendritic arbors in 
monkey LPFC likely attenuating synaptic responses more as they traverse the dendrites, 
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are, perhaps, an explanation for the similarities in synaptic responses measured at the 
somata of monkey LPFC versus mouse FC. In addition, due to a higher proportion of 
asymmetric axodendritic synapses targeting presumed inhibitory neurons present in L2-3 
neuropil of monkey LPFC neurons compared to mouse FC, it is possible that in monkey 
LPFC there is relatively more activation of GABAergic interneurons. An increased IPSCs 
can counteract the effects of EPSCs measured at the somata in monkey LPFC neurons 
compared to mouse FC. Future work on IPSCs is needed to determine is this is the case.  
Axospinous synpases in the L2-3 neuropil of monkey V1 only differed 
substantially in presynaptic entities, with similar postsynaptic entities, compared to 
mouse V1. Interestingly, monkey V1 differed significantly from mouse V1 in all synaptic 
physiology assessed, with monkey V1 neurons exhibiting significantly lower frequency 
and amplitude and shorter decay time of synaptic events than mouse V1 neurons 
(Gilman, Medalla, and Luebke, 2016). Although there were relatively more large boutons 
in L2-3 neuropil of monkey V1 compared to that of mouse V1, the monkey V1 boutons 
analyzed had a weak correlation with vesicle number (r = 0.3), suggesting that there are 
large boutons in monkey V1 with few synaptic vesicles. In addition, mouse V1 neurons 
contained significantly higher spine density than monkey V1 neurons and perhaps 
contribute to both higher amplitude and frequency of EPSCs observed in mouse V1. 
 
Overall Implications for Cortical Diversity and Network Function 
In a previous study from our lab, we reported that mouse FC resembles mouse V1 
at the single cell level, with individual L3 pyramidal neurons having similar size, 
55 
 
dendritic extent and topology, and basic membrane firing and synaptic physiology in the 
two mouse cortical areas (Gilman, Medalla, and Luebke, 2016). Consistent with previous 
work, the currrent study shows that mouse FC and mouse V1 are also very similar in 
terms of presyanptic and postsynaptic ultrastructural features of excitatory synapses. 
Unlike the mouse, there was areal heterogeneity in size, structure and physiology of 
individual L3 pyramidal neurons, and in presynaptic and postsynaptic ultrastructural 
features of excitatory synapses in L2-3 neuropil between the primary sensory area V1 and 
the multimodal cognitive area LPFC in the rhesus monkey (Amatrudo et al., 2012; 
Medalla and Luebke, 2015) 
Thus, data from our previous and current work predict that synaptic integration at 
the cellular and network levels do not differ across FC and V1 in mouse. In the mouse, 
both multimodal area (FC) and a unimodal primary sensory area (V1) contain cellular 
and synaptic features consistent with a relatively highly excitable circuits, having small 
and electrically compact L3 output neurons, and abundant asymmetric axospinous 
synapses with possibly fewer inhibitory interneurons in L2-3 neuropil, thereby building 
an unfiltered network well suited for faster synaptic transmission of relatively high input-
output commitment (for review, see Olshausen and Field, 2004; Panzeri, Brunel, 
Logothetis, and Kayser, 2010; Vogels, Rajan, & Abbott, 2005). In contrast, it is likely 
that a larger and more specialized brain, such as that of the monkey, requires areas to 
have different levels of excitability and more complex dendritic filtering. Compared to 
the primary sensory V1, the multimodal LPFC in monkey comprises cellular and synaptic 
features consistent with more powerful and longer-lasting input, and having large and 
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electrically attenuated L3 output neurons, thus allowing sustained activation, coincidence 
detection, and spike-timing-dependent plasticity that likely underlie integrative functions 
such as decision making, and sensorimotor interactions (for review, see Constantinidis 
and Wang, 2004; (Sjostrom, Rancz, Roth, and Hausser, 2008). 
In conclusion, our data provide further evidence that frontal and visual areas are 
relatively homogenous in mouse but markedly different in the monkey, with mouse FC 
and mouse V1 having similar distribution and size of presynaptic and postsynaptic 
entities of excitatory synapses. These data contribute to our understanding of how 
excitatory signaling within neuronal networks differs between rodents and primates. 
(DeFelipe, Alonso-Nanclares, and Arellano, 2002) In future studies, assessment of 
inhibitory synaptic properties will help complete the story of how cortical microcircuitry 
contributes to the unique functions of diverse cortical areas in distinct animal models. In 
addition to characterizing the structure and function of individual neurons, the 
presynaptic and postsynaptic ultrastructural features of their synapses must be studied to 
understand how neurotransmission occurs between one neuron and another in both intact 
and pathological neuronal networks.    
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